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ABSTRACT 

1 .  INTRODUCTION 

FIGURE 1.-The series of W ~ V H  clouds over t , l l r a  Washington, l).C., area 011 Kovctnber 30, 1959. Photograph is a  composite of a series 
of photographs taken  by E.  Orr, V.S. Weathclr Burcau, from thv roof of the Weat,her Bureau  building at' 24th and >f Streets NW., 
in Washiugton. The view is from the west through north t,o (last (I(.ft t,o right). 
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FIGURE 3.-Occ11rencrs of observed waves (Solid circles for specific reports and lincs for occurwces  reported bctwvccn two  points, with 
arrow showing direction of flight). (l’cxriod: fa l l ,  wint,rr, and spring of 1959-60.) 



Range (n. mi.) 
FIGURE 4.--Radarscopc prrsc%ntation of wave cloud, 1445 EST, 

November 6, 1960, at  Washington  Sational  Airport,  Washington, 
D.C. 

4. RADAR ECHOES O F  MOUNTAIN WAVES 

The  most  recent  developnlent  in  the  observation of the 
rnourlt'ain wave is  t'he use of radar. 'J'he details of an 
observation of a wave cloud patt'ern on t'hc  r:lr~ge-height- 
indicator (RHI) of the WSR-57 radar at'  W:dlirlgton 
National  Airport at 1330 EST, February 15,  1960 have 
been  previously  published [7].  A  photogrtlph of the RH1 
scope  showed  eight to  possibly  eleven wave echoes spaced 
about 3f4 mi.  apart'. In the WitvA pattern  pictured  in 
figure I ,  pilots  observed  tlle  wavt~length to be betu.rw1 4 
and 5 mi. 

More  recently, on October 20, 1960 at  1330 t t r d  1400 
EST, several  echoes were observed [8 ]  on the WSIt-:3 radar 
at Albany, S.Y., with  the  elevation  angle  set at about 20'. 
The set of echoes  noted w w  illmediately zthove the  ldls 
near  Grafton  Observatory, 8 to 16 mi. east, and uhove the 
Welderbergs at' a tlisturlce of 11 to 14 mi.  to the southwest. 
The echoes persisted for a considerable tirnc. with 110 

appreciablo  movement.  Shortly  iifter 1400 EST, through 
a break  in  the  cloudiness, very pronounced  1cnticul;lr 
clouds  could be observed tibove the Hcdderbergs. 'I'h 
Chief Airport  hleteorologist [8] t i t  Albtmy concluded  that 
there  might  he some relationship  between  the wltocu- 
nlulus  clouds  and the radar echoes.  His  conclusion w a s  
independent as he  did not have inforrllntion on the ohser- 
vatiorl  made at Washington on February 15,  1960. 

On October 28, 1960 a second observation was r n d c  at' 
Albany when a nmnber of tlltocunlulus 1erlticul:uis were 
noted to the  southwest,. T h c  radtrr elevi~tiotl was set 
again at  20'. Several  moderate cclloes wcre ohserved in 
the same general  direction,  for  extmple 95' at 16 mi., 
230' a t  14 mi., and 232" at) 11 mi. An  observation  with 

I 
ep" 

# Lenticular Cloud Observations 
Washington National  Airport 

0729E ACSL W-N-S a t  120 
07556 ACSL W 120 arid 90 
0856E ACSL NW 120 
1071E ACSL W 80 
1056E ACSL W 80 

1156E ACSL E and W 80 
1128E ACSL W 80 

a t  

the  theodolite  in~rnetliately cast of the radar dome, with 
settings of 228' azimuth  and 20" elevation,  pointed di- 
rertl?; to thc  center of the lenticu1:a  clouds to  the south- 
west. 'I'he clouds  to the east, if prescnt,  could  not  be seen 
because of lower caloutls obscuring them. 

o n  Soveinber  6, 1960 at 1445 EST a Wave pattern was 
again observed on tlle WSR-57 at  Washington  National 
Airport.  At  this  time :kt least'  eight wave clouds, oriented 
~lor~the~lst-sontlIwest, were  visible  from the airport. Both 
lenticular  strstocurnulus  :tnd  1enticul;tr  altocurnulus layers 
u-ere olxwrvetl with  the wave of the latter over  that of the 
other. Vcq- little  movement of the  clouds was noted. 
Two layers were observed  visually on the RH1 scope and 
:dso on the TPQ-11 cloud detection radar in operation at 
the station.  The bases anti tops of the layers as indicat'ed 
1))- the WSR-57 and  the TYQ-11 seemed to agree and the 
bases of the upper lw~-er  were rneasured b?- the ceilometer 
to be at 9,000 f t .  A picture of the RH1 scope was taken 
with the  antenna  aimed  at 299' on the 25-mi. range. The  
W-SK-57 pieture (fig. 4)  shows tt wave  pattern and suggests 
the  prcsencc of two troughs  and  three  crests.  Three 
rrrrasurernents from  the  picture gave a wavelength of about 
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4 mi. which is  about  the s t m ~ e  wtlvclength observed pre- 
viously 011 Sovernber 30, 1959 t m d  on Febr1l:u.y 15, 1960 
in the Washington  area. 

5. TYPICAL WAVE PATTERNS 

On January  19,  1960, a typical  synoptic  pattern oc- 
curred for t'he  developnlent1 of' waves. On this  day 
between 0825 and 1420 EST seven report,s of W U V E S  were 
made by pilots ovcr Virginia  to t l l c  lee of' t he  mountains. 
These reports are plotted 011 figure 5 .  Three of the 
occurrences are shown by t,he  solid  circles and the  other 
four occurred bctween the  points  indicated by the  lines 
with the arrows showirlg the tlir.cction of flight. Also 
plotted are lellticular  clouds  that  extended etLstw'tm1 to 
Delawarc, eastern  Slaryland, and eastern  Virginia. 
Similar cloud observat~ior~s were made also in South ('81.0- 

lina antl Georgia. 
The surlace weat'her  chart (fig. 6 )  for 1300 EST of' the 

19th shows the post,  cold  frontal  pattern  that  is  typical 
for the clevelop~~~erlt of waves. Also shown is  tmhe presencc 
of the jet strean1 over t'he ilnnlediate area which  is  in)- 
port,ant lor the  t levelop~~~ent~ of strong waves. During 
this  period the  wind  direct'iorl anti speed  over thc  moun- 
tains  were estimated from the  0700 EST 850-111b. (.hart 
to be about 310 O, 33-40 kt.  

Work b>- Scorer [5] shows  the  itllportanc*e of the  attllos- 
pheric stability  in  the  establislment8 of waves. His  sta- 
bility tenn  is  given by S 2 = g p / 7 i  where V i s  t'he wirltl speed, 
fl t,he static  stability, antl t,he acceleration of gravit'J-. 
According to Scorer I' should  decrease  with Ileight if waves 
are at all possible. This  condition  is  achieved  eit'her b>- a 
decrease of stability  or  an  increase of wind speed with 
height. Anal?-sis of n u m e r o ~ ~ s  cases of waves b>- others 
has revealed that  there is bot,h a substantial  increase in 
wind speed and a decroase of stabilitJ-  with  I~cigllt,  when- 
ever waves are observed. ('orby [ 2 ]  has also done SOIIIFL 
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FIGURE $).-Greensboro, N. C., sounding, 0700 EST, January 19, 
1960. 



verification of P. H e  has found  that  the decrease  with 
height  is  usually  substant’ial. 

Theory  indicates  that  the level of maxi~nurn  amplitude 
must be near  the  level of 111aximu111 1’. The maximurn 
amplitude  in  general coincides with  the  layer ol’ greatest 
stability.  The  more  pronounced  the  st’ability, the closcr 
to  this  layer  t’he  rnaximum  amplitude  t’ends  to  occur. 
Sornetirnes  t’wo or more  wave  systems  may  occur sirnul- 
taneously a t  different  levels. This  happens  when  t’he 
vertical profile of Z2 shows more than one I I I ~ X ~ I ~ I U I I I .  The  
wave syst’erns associated  with  t’he  different rnnxirna will 
be  different  because of t,he  difference in  wind speed at’ their 
respective  levels. In general,  the upper‘ wave will have a 
longer  wavelength. 

To apply  the Z2 theory  to  the  waves of Janutuy 19, 
1960, the nearest  upper  air  soundings  for 0700 EST were 
analyzed.  These  soundings, for Pittsburgh,  Washington, 
and Greensboro, are  shown  in figures 7, 8, and 9, where 
profiles of 2’ are plot’t’ed  on the  left  side. The Pittsburgh 
sounding  showed an average  value of l2  of 0.736  below 
15,000 ft.  and of 0.638 above  that levol. The Wrtshirrgto11 
sounding  showed 1.257  below  14,000 i t .  and 0.646 d 6 b ove. 
Maxinla of 1’ occurred at about 9,500 ft. and 14,500 It. at’ 
Pittsburgh  and  at’ 7,500 and 13,500 ft.  at  Washington. 
The maximum 1’ of 8,600 ft.  at Greensboro  compares well 
with the reported  height of the seven  waves.  The  alti- 
t’udes of the  seven WRVCS a n d  the  lenticular  cloud  heights 
observed at, Washington  and  other  stations  within thc 
area  are  indicated  on  the  right  side of the  soundings. 
The fact  that  lenticular  clouds were. observed as low tis 
8,000 ft.   and as high as 15,000 t’o 16,000 ft.  would support 
the likelihood of waves a t  the second  maxinlum 1’. Thus 
the plott’ing of the profiles of 1* indicatrs  both tllr likelihood 
and t’he height of waves. 

6. CONCLUSIONS 

Observations of mountain  waves  during  the  period 
covered by this  study  show  that’  they  can  be  rather wide- 

spread and particularly  frequent  during  fall, wint’er, and 
carly  spring  to the lee of t’lle Appalachians. hdditionltl 
observations of waves  are  being rnrtde a t  Washington 
National  Airport to learn  more of the nature of the 
problem  in t’llis region.  Increased effort’ will also be made 
to  obtain  additional  radar  observations of waves  and to 
learn  nlore  about why they can  be  detected  at one time 
and  not  at  another when they  are  known to be present. 
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